energy balance and have a negative infl uence on bone mineralization [20] . Peripheral signals, such as leptin, a product of the LEP gene, secreted by adipocytes; and ghrelin, a peptide secreted by endocrine cells in the gastrointestinal tract, have been demonstrated to infl uence energy homeostasis [6] . It has been suggested that leptin is involved in pubertal activation [3] and ghrelin could also infl uence growth and physical development [33] . Specifi cally, the initiation of puberty is associated with increased leptin [3] and decreased ghrelin [10] concentrations in blood. It has been found that leptin is directly related to fat mass as well as to BMD in children and adolescents [7, 27] . However, the evidence is limited regarding the role of ghrelin on BMD during pubertal development. Ghrelin has proliferative eff ects on osteoblasts in cell culture [18] and ghrelin appears to be an important hormonal predictor for BMD in physically active boys [13] . However, according to our knowledge, no longitudinal studies have been performed to examine the association between ghrelin and BMD in young male athletes during pubertal development. Given the importance of diff erent regula-
Introduction ▼
The growing skeleton has to adjust to the large increases in height and body mass that occurs during puberty as the result of rapid hormonal changes. Puberty has a key role in bone development [28] . It has been estimated that about 40 % of peak bone mass is achieved during pubertal development [8] . There are many hormonal factors contributing to the pubertal increment in bone mass. Sex steroids [26, 34] and the growth hormone-insulin-like growth factor-I (GH-IGF-I) axis [23, 26] are the main determinants responsible for the increment in bone mass and bone mineral density (BMD) during puberty. Sex steroids stimulate the proliferation of osteoblasts [31] , while most GH general anabolic actions are mediated through IGF-I [23] . IGF-I is a bone trophic factor important for bone formation [16] . Physical activity and mechanical loading on bone performed during puberty can also promote optimal bone mineral accrual [20] . However, an elevated energy expenditure as a result of childhood athletic activity may cause a decreased
The aim of our study was to examine the infl uence of elevated energy expenditure on ghrelin and BMD in young male competitive swimmers advancing from prepubertal to pubertal maturation levels. The study included 19 healthy swimmers (pubertal stage 1) aged between 10 and 12 years. The participants were at the pubertal stages 2 and 3, and 3 and 4 at the second and third year, respectively. Ghrelin was decreased only after the fi rst year. No changes were observed in leptin during the study period. Testosterone increased according to the pubertal development at each measurements. IGF-I was increased at the third measurement compared to the fi rst two measurements. Total and lumbar spine BMDs increased according to the pubertal development in all boys at each measurements, while no changes in femoral neck BMD were observed. Ghrelin was not related to BMD after adjusting for pubertal status. We conclude that ghrelin was decreased at onset of puberty, while no further changes in ghrelin were seen with advancing pubertal stage. Total and lumbar spine BMD increased, while no changes in femoral neck BMD occurred. Ghrelin did not appear to have a direct infl uence on BMD in young male competitive swimmers. tory roles of ghrelin in energy homeostasis [6, 20] , we hypothesized that ghrelin has an independent infl uence on bone mineral parameters during pubertal development in young male athletes. The present longitudinal study was undertaken to assess the infl uence of elevated energy expenditure on ghrelin concentration in young male competitive swimmers advancing from prepubertal to pubertal maturation levels. In addition, this study examined the association of fasting ghrelin concentration with bone mineral parameters during pubertal development in young male competitive swimmers.
Subjects and Methods

▼ Subjects
The study included 19 healthy Estonian prepubertal schoolboys aged between 10 and 12 years at the beginning of the study. They were swimmers recruited from the local training group and had a training history of 2.6 ± 0.8 yrs and trained for 7.6 ± 1.5 h per week for at least last two years. None of the participants was receiving any medications or had a history of bone or renal disease. Throughout the study, no restrictions were placed on dietary intake and participants consumed their ordinary everyday diet. All procedures were approved by the Medical Ethics Committee of the University of Tartu and explained to the children and their parents who signed a consent form.
Experimental design
The study was initiated in September 2005 and swimmers were tested once a year at the same time during a two year study period. All testing at each time was completed during the two visits of the swimmers to the laboratory. On the fi rst visit, a venous blood sample was taken in the morning after an overnight fast. Main athropometric parameters and peak oxygen consumption (VO 2 peak) on the cycle ergometer were measured after a light breakfast. In addition, a self-assessment of pubertal development was performed by swimmers. The second measurement session consisted of body composition and bone mineral assessments by dual energy X-ray absorptiometry (DXA). The fi rst and second measurement sessions were separated by approximately one week, which was dependent on the participant ´ s schedule and DXA availability.
Biological age, anthropometry and body composition
Biological age was assessed on the basis of self-assessment of genitalia and pubic hair stage using illustrated questionnaire of pubertal stages according to the method of Tanner [30] . Pubertal development assessment according to the method of Tanner, which uses self-assessment of genitalia and pubic hair stage in boys, has been validated previously [4, 29] and used in our previous studies with boys [13, 25] . The participants were given photographs, fi gures and descriptions, and asked to choose the one that most accurately refl ected their appearance. In case of discrepancies between the two variables (genitalia development and pubic hair stage), greater emphasis for the determination of Tanner stage was placed on the degree of genitalia development [13, 25] . Body height was measured using a Martin metal anthropometer to the nearest 0.1 cm according to the standard technique and body mass was measured with minimal clothing to the nearest 0.05 kg with a medical electronic scale (A & D Instruments, UK).
Body mass index was calculated as body mass (in kg) divided by body height (in m 2 ).
Whole body fat (FM), fat free (FFM) and bone (BMC) mass were measured by DXA using the DPX-IQ densitometer (Lunar Corporation, Madison, WI, USA) equipped with proprietary software, version 3.6. Subjects were scanned in light clothing while lying fl at on their backs with arms on their sides. The fast scan mode and standard subject positioning were used for total body measurements, and they were analysed with the use of the extended analysis option. Bone mineral density was determined as total body BMD and lumbar BMD at the site of posterior-anterior spine (L2-L4) and hip BMD at the site of femoral neck [15] . Coeffi cient of variations (CVs) for measured FM, FFM, BMC and BMD were less than 2 % .
Peak oxygen consumption
Peak oxygen consumption (in l / min) was measured on an electronically braked cycle ergometer (Tunturi T8, Finland) [14] . Participants performed an initial work rate of 80 W with increments of 20 W every 2 min. At the end of the last work rate, participants were required to sprint as fast as possible for 1 min. Participants pedalled at a cadence of 70 ± 5 rpm, and they were actively encouraged to continue until volitional exhaustion. Heart rate was recorded every 5 s during the test using Sporttester Polar Vantage NV (Kempele, Finland). Gas exchange variables were measured throughout the test in a breath by breath mode and data were stored in 10 s intervals for the measurement of oxygen consumption using portable open circuit system (MedGraphics VO200, St. Paul, USA) [14] .
Blood analysis
A 10 ml blood sample was obtained from an antecubital vein with the subject sitting in the upright position. The plasma was separated and frozen at − 20 ° C for later analysis. Total ghrelin was determined in duplicate using a commercially available radioimmunoassay (RIA) (Linco Research, USA). The sensitivity was 93 pg / ml, the intra-assay and inter-assay CVs were < 10 and 14.7 % , respectively. Leptin was determined in duplicate by RIA (Mediagnost GmbH, Germany). This assay has a detection limit of 0.01 ng / ml, and the intra-assay and inter-assay CVs were < 5 and 7.5 % , respectively. Testosterone and IGF-I were analysed in duplicate using Immulite 2000 (DPC, Los Angeles, USA) technology with the inter-assay and intra-assay CVs of less than 5 % .
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences version 13.0. (SPSS 13.0). Evaluation of normality was performed with the Shapiro-Wilk statistical method. The diff erences between measurement times were tested with Friedman analysis of variance by ranks and Wilcoxon matchedpairs signed rank test was used where post hoc analysis was relevant. Partial correlation coeffi cients were used to estimate the relationships between variables of interest after adjusting for pubertal stage. Signifi cance was set at p < 0.05.
Results
▼
Physical and blood biochemical characteristics of swimmers are presented in • ▶ Table 1 . All subjects were prepubertal (pubertal stage 1) during the fi rst measurement year. There were 14 subjects at the pubertal stage 2 and 5 subjects at the pubertal stage 3, and 12 subjects at the pubertal stage 3 and 7 subjects at the pubertal stage 4 at the second and third year measurements, respectively. Height, body mass, FFM, BMC, total BMD, lumbar spine BMD and testosterone increased according to the pubertal development in all boys at each measurement point. FM and VO 2 peak were increased and ghrelin concentration was decreased only after the fi rst year of measurement. IGF-I was increased at the third measurement compared to the fi rst two measurements. No changes in femoral neck BMD and leptin were observed during the study period. Ghrelin concentration was not signifi cantly related to the measured BMD values after adjusting for pubertal stage at any measurement time ( • ▶ Table 2 ). As expected, total, lumbar spine and femoral neck BMDs were signifi cantly related to body mass, BMI and FFM at all measurement times. Total BMD was also significantly correlated with FM and VO 2 peak at each measurement time. In addition, ghrelin concentration was signifi cantly related to BMI at all measurements times, while ghrelin was signifi cantly related to FFM, VO 2 peak and IGF-I at the second and third measurement times after controlling for pubertal stage ( • ▶ Table 3 ). Leptin was signifi cantly related to body mass, BMI and FM at all measurement times. Changes in ghrelin concentration during the fi rst and second year of study were not signifi cantly related (p > 0.05) to changes in total BMD (r < − 0.164), lumbar spine BMD (r < − 0.181) and femoral neck BMD (r < − 0.158) values during the fi rst and second year of study, respectively. In addition, changes in ghrelin concentration during the second year of study (i.e., after the evolution of puberty) were signifi cantly related to changes in testosterone concentrations (r = − 0.492; p < 0.05). All other relationships between year-to-year changes in ghrelin and changes in other measured variables were not signifi cant (r < 0.424; p > 0.05).
Discussion ▼ Our longitudinal study demonstrated that fasting plasma ghrelin concentration was signifi cantly reduced with the evolution of puberty in the presence of elevated energy expenditure. Pubertal development increased signifi cantly total and lumbar spine BMD, while no changes were seen in femoral neck BMD in young male competitive swimmers during the study period. No significant relationship was observed between ghrelin concentration and measured BMD values during puberty in competitive male swimmers. A fall in plasma ghrelin concentration with increasing age during puberty has been previously observed in untrained boys [13, 24, 33] . In contrast, some cross-sectional studies have not demonstrated ghrelin ' s dependence on pubertal status in untrained [1] and trained [13] boys. In our longitudinal study, there was a signifi cant decrease in ghrelin concentration after the evolution of puberty in competitive male swimmers (see Table 1 ). Circulating ghrelin levels remained relatively high also during puberty in our young trained male swimmers compared to previous cross-sectional studies with untrained boys at the same pubertal stage [1, 13, 33] . However, it has to be taken into account that when comparing the results of diff erent studies not all previous cross-sectional studies [1, 33] used the same methodology for the determination of ghrelin concentration. In addition, it is well recognized that appetite and food intake are increased during puberty [33] and ghrelin is known to stimulate appetite [22] . However, this increased appetite and food intake in puberty was not associated with an increase, but with a decrease in plasma ghrelin levels even in the presence of ele- Table 2 Partial correlation coeffi cients between bone mineral density with measured body composition, aerobic capacity, and blood metabolic variables after adjustment for pubertal development. vated energy expenditure (i.e., training for a mean of 7.6 ± 1.5 h / week for at least last two years) and therefore also an increased energy intake in our boys. Thus, pubertal development appears to reduce ghrelin concentration even in boys in the presence of elevated energy expenditure. Leptin, another peptide regulating food intake and energy expenditure, has also been suggested to be involved in pubertal development [3] . Leptin concentrations in competitive swimmers during pubertal development were similar to the results obtained in previous studies in trained [13] and untrained [24] boys with the same maturational levels. In addition, similarly to the results of other cross-sectional studies [7, 24, 27] , plasma leptin concentrations were signifi cantly related to the values of body fat mass in competitive swimmers during pubertal development (see • ▶ Table 3 ). Furthermore, leptin concentration has been found to be related to the ghrelin concentration in diff erent studies in children with diff erent physical activity pattern [12, 33] . In contrast, other studies have found no relationship between ghrelin and leptin in untrained [25] and trained [13] boys with diff erent maturation levels, and in mixed groups of boys and girls which have also included obese children [10, 11] . Thus, the relationship between circulating ghrelin and leptin concentrations may depend on sex, pubertal stage, obesity and physical activity. Basal ghrelin and leptin levels and also year-toyear changes in these peptides were not signifi cantly related in our young male competitive swimmers throughout diff erent stages in pubertal maturation. Therefore, our results support the possibility that leptin probably has no regulatory control on ghrelin secretion during pubertal development in the presence of elevated energy expenditure in boys. Total body and lumbar spine BMDs increased and femoral neck BMD remained relatively constant with advancing age and pubertal status (see • ▶ Table 1 ). Accordingly, non-weight-bearing activity such as swimming had no negative infl uence on bone mineralization at lumbar spine similarly to previous studies with untrained subjects [9, 13] . In agreement with our results, Misra [20] suggested that the nature of impact loading aff ects bone mineralization at the hip region of the skeleton, whereas spine BMD is not aff ected by the type of loading in children. However, diff erent studies have demonstrated that sportsmen participating in sport events where weight-bearing activity is used (e.g., running, gymnastics) have greater BMD compared with sport events where no weight-bearing activity is used (e.g., swimming, cycling) [5, 32] . Ghrelin concentration was not signifi cantly related to any measured BMD values, nor were year-to-year changes in ghrelin concentration signifi cantly related to changes in measured BMD values throughout the pubertal development in young male competitive swimmers. Accordingly, the relatively high ghrelin concentrations caused by elevated energy expenditure observed in our young male competitive swimmers may explain why no relationship between circulating ghrelin and measured BMD values was observed. In addition, a slightly larger sample size may have caused a signifi cant relationship between ghrelin and BMD as signifi cant relationships between ghrelin and measured BMD variables have been observed in untrained [26] and trained [13] boys. However, the study groups in these cross-sectional investigations consisted of boys at diff erent maturation levels [13, 26] . It has been suggested that the role of ghrelin in bone development is largely mediated through testosterone and explains independently only a small fraction of the variability in bone mineral parameters [24, 26] . In multiple regression analysis, ghrelin was an important determinant of BMD parameters in boys only after removal of testosterone [26] . However, a significant negative correlation between circulating ghrelin and testosterone levels has previously been reported in boys after the evolution of puberty [24] . In support of this notion, we found that changes in ghrelin concentration during the second year of study (i.e., after the evolution of puberty) were also related to changes in testosterone (r = − 0.492; p < 0.05) concentration in our competitive male swimmers. Taken together, further longitudinal studies are warranted to clarify the role of ghrelin in bone metabolism and in addition to more static assessment of BMD by DXA, specifi c bone resorption and bone formation markers in blood should also be measured to better characterise the dynamic nature of bone tissue during pubertal maturation [20] . Probably one of the limitations of our investigation was that total plasma ghrelin was measured and not acylated and desacylated ghrelin separately. Of the two circulating ghrelin forms, the acylated one is thought to be essential for ghrelin biological activity [17, 21] , although it has been shown that the desacylated form of ghrelin is not biologically inactive [2, 21] . There are no data demonstrating that signifi cant increases in total ghrelin do not increase acylated form in humans [13] . Desacylated ghrelin shares with the acylated form some neuroendocrine actions such as cardiovascular eff ects and modulation of cell proliferation [2] . However, because total and active ghrelin are positively related [19] , the results of the present investigation are a step further in understanding the infl uence of elevated energy expenditure on circulating ghrelin concentration during pubertal maturation in boys. Finally, additional background information could have been given by an untrained control group. In conclusion, ghrelin concentration was decreased at onset of puberty, while no further changes in ghrelin concentration were seen with advancing pubertal stage in young male competitive swimmers. Total and lumbar spine BMD increased, while no changes in femoral neck BMD occurred during the study period. Plasma ghrelin concentration did not appear to have a direct eff ect on BMD in young male competitive swimmers.
